Final  Report  for  AOARD  Grant  #114108  (FA2386-11- 1-4108) 


"Characterization  of  local  carrier  dynamics  in  AIN  and  AIGaN  films  using  high 
spatial-  and  time- resolution  cathodoluminescence  spectroscopy" 

10/  12/  2012 


Principal  I  nvestigator: 

Shigefusa  F.  Chichibu,  Dr.  Eng.  (Professor) 

Tohoku  University 

Institute  of  Multidisciplinary  Research  for  Advanced  Materials  (IMRAM) 

2-1-1  Katahira,  Aoba,  Sendai  980-8577,  Japan 

Area  Code/Phone  Number:  +81-22-217-5360  Fax  Number:  +81-22-217-5360 
E-mail:  chichibu@tagen.tohoku.ac.jp 

Co- Principal  I  nvestigator: 

Kouji  Flazu,  Dr.  Eng.  (Assistant  Professor,  Chichibu  Lab.,  Tohoku  University,  address  the 
same  as  above) 

E-mail:  k_hazu@tagen.tohoku.ac.jp 
Period  of  Performance:  08/22/2011  -08/21/2012 


Abstract: 

In  order  to  assess  the  impacts  of  structural  and  point  defects  on  the  local  carrier  (exciton) 
recombination  dynamics  in  wide  bandgap  AIN  and  high  AIN  mole  fraction  (x)  AlxGai-xN  films, 
high  spatial-  and  time-resolution  spatio-time-resolved  cathodoluminescence  (STRCL) 
measurement  system  was  constructed  by  adopting  a  pulsed  photoelectron  (PE)  gun  that  is 
excited  using  a  femtosecond  pulsed  laser  under  a  front-excitation  configuration.  The  PE 
emission  efficiency  was  increased  by  approximately  an  order  of  magnitude  in  comparison  with 
that  of  the  rear-excitation  one.  Accordingly,  measurements  of  high  signal-to-noise  (S/N)  ratio 
local  cathodoluminescence  (CL)  spectra  and  time-resolved  CL  signals  of  AIN  became  possible. 
Another  important  achievement  brought  by  the  improved  PE  emission  efficiency  is  that 
(S)TRCL  measurement  of  slow  decay  components  became  possible,  because  the  repetition 
rate  of  the  excitation  laser  could  be  reduced  using  a  pulse-picker  (repetition  rate  reducer). 
Eventually,  CL  intensity  mapping  of  the  near-band-edge  (NBE)  emission  of  AIN  became 
possible.  We  will  use  this  STRCL  system  to  correlate  the  radiative  and  nonradiative  lifetimes 
with  structural  irregularities  in  the  near  future. 


I  ntroduction: 

Aluminium  nitride  (AIN)  and  high  AIN  mole  fraction  AlxGai-xN  alloys  have  attracted 
considerable  interest  for  applications  in  UV-C  (200-280  nm)  DUV  LEDs,  because  the  bandgap 
energy  (£^)  of  AIN  is  6.01  eV  at  300  K  [1,2].  Taniyasu  et  al  have  demonstrated  [3]  the 
shortest  wavelength  electroluminescence  peak  at  210  nm  from  an  AIN  p-i-n  homojunction  LED. 
However,  its  external  quantum  efficiency  (r|ext)  was  as  low  as  10'8  [3],  and  the  highest  r|ext  for 
the  state-of-the-art  AIGaN  DUV  LEDs  is  limited  to  be  approximately  10%  for  the  emission 
wavelength  of  275  nm  [4]. 

As  known,  r|ext  is  a  product  of  internal  quantum  efficiency  (r|int),  injection  efficiency,  and 
light  extraction  efficiency.  The  latter  two  components  should  be  increased  by  optimizing 
device  configurations  and  doping.  Meanwhile,  r|int  is  a  material  talent  that  is  a  fraction  of 
radiative  rate  over  the  sum  of  radiative  and  nonradiative  rates;  i.  e.  riintKl+WTNR)’1-  To 
improve  r|int,  tr  and  tNr  must  be  quantitatively  understood  as  functions  of  structural  /  point 
defect  and  impurity  concentrations  (crystal  imperfections).  However,  only  few  papers  [5-8] 
have  dealt  with  the  recombination  dynamics  of  AIN  and  high-A'AlxGai-xN,  because  of  the  lack  of 
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Fig.  1  Concept  of  the  STRCL  system  equipped  with  a  high  emission  efficiency 
front-excitation  pulsed  PE-gun.  We  will  be  able  to  correlate  how  structural  defects 
influence  the  local  CL  lifetime,  intensity,  and  wavelength. 


a  desirable  DUV  femtosecond  excitation  source. 

In  order  to  probe  local  carrier  dynamics  in  wide  £g  semiconductors,  scanning  near-field 
optical  microscopy  (SNOM)  with  a  short-pulsed  laser  is  widely  used.  On  the  other  hand,  the 
use  of  a  scanning  electron  microscopy  (SEM)  equipped  with  a  femtosecond  PE-gun  [7-14], 
namely  STRCL  technique  [10-12,14],  makes  it  possible  to  measure  local  TRCL  signals  at  the 
positions  defined  precisely  by  the  secondary  electron  (SE)  image.  This  becomes  attractive 
when  characterizing  very  wide  £g  materials  such  as  AIN  and  AlxGai-xN  alloys  of  high  AIN  mole 
fraction  x.  Indeed,  STRCL  takes  full  advantage  of  such  a  pulsed  PE-beam,  which  enables  high 
spatial  resolution  beyond  the  diffraction  limit  of  light  owing  to  the  focused  electronic  excitation 
and  thus  makes  it  possible  to  interrogate  local  carrier/exciton  dynamics.  Unique  opportunities 
offered  by  the  STRCL  demonstrated  so  far  includes  the  investigations  of  the  exciton  dynamics 
around  BSFs  in  an  a-plane  GaN  [11],  the  exciton  dynamics  around  the  trapezoidal  dimple 
surrounded  by  certain  domain  boundaries  in  a  c-plane  freestanding  (FS-)  GaN  substrate  [14], 
and  the  slight  local  variations  of  In  incorporation  in  the  In0.05Ga0.95N  epilayer  [12]  grown  on  an 
/77-plane  FS-GaN.  We  have  been  using  a  rear-excitation  configuration  PE-gun  [13],  which  was 
similar  to  that  invented  by  EPFL  group  of  Switzerland  [9-12],  for  measuring  STRCL  data  of 
above-mentioned  c-plane  FS-GaN  substrate  [14].  However,  there  remained  several  practical 
issues.  One  was  the  limited  brightness  of  the  photocathodes  compared  with  conventional  field 
emission  (FE)  sources,  which  made  it  difficult  to  acquire  high  magnification  SEM  images.  The 
other  was  the  decrease  in  PE  intensity  with  time  due  to  the  driving  damage  of  a  20-nm-thick 
thin  Au  film. 

Here  we  report  on  significant  improvement  in  the  emission  efficiency  of  our  PE-gun, 
which  enabled  to  measure  high  S/N  ratio  local  CL  spectra  and  TRCL  signals  of  AIN.  The  higher 
efficiency  PE-gun  is  excited  using  a  femtosecond  pulsed  laser  under  a  front-excitation 
configuration.  Another  important  achievement  was  that  (S)TRCL  measurement  of  slow  decay 
components  became  possible,  because  the  repetition  rate  of  the  excitation  laser  can  be 
reduced  using  a  pulse-picker  (repetition  rate  reducer),  while  keeping  time-averaged  PE 
number  approximately  the  same  for  the  SEM  observation.  Eventually,  CL  intensity  mapping  of 
the  NBE  emission  of  AIN  became  possible.  We  will  use  this  STRCL  system  to  correlate  the 
radiative  and  nonradiative  lifetimes  with  structural  irregularities  in  the  near  future. 

Experiment: 

Schematic  diagram  of  the  STRCL  system  equipped  with  the  front-excitation  configuration 
in-house  PE-gun  is  shown  in  Fig.  2.  It  is  principally  the  same  as  that  used  in  Refs.  [14]  and 
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Fig.  2.  Schematic  diagram  of  our  STRCL  measurement  system.  The  wavelength  and 
repetition  rate  of  the  frequency-tripled  (3a>)  femtosecond  AI203:Ti  laser  are  adjusted 
according  to  the  purpose  of  the  measurement. 

[15]  except  for  the  PE-gun,  which  is  driven  by  a  frequency-tripled  mode-locked  AI203:Ti  laser 
pulses.  The  beam  was  focused  using  a  fused  silica  lens  with  a  spot  diameter  of  50  pm  to  a 
front-side  of  a  photocathode.  We  note  that  we  quit  testing  a  field  emission  (FE)-type  PE-gun 
that  has  been  proposed  in  our  workplan,  because  much  simpler  front-excitation  configuration 
gun  showed  excellent  PE  emission  performance,  which  will  be  described  in  the  next  section. 
The  output  e-beam  was  launched  to  the  SEM  by  focusing  it  to  its  filament  position.  The  probe 
current  was  calibrated  using  a  Faraday  cup  placed  just  above  the  temperature-controlled 
stage,  and  was  controllable  between  0.1  and  200  nA  at  an  acceleration  voltage  ( Vacc )  of  12  kV 
by  changing  the  average  power  of  the  excitation  laser  fluence.  The  luminescence  from  a 
sample  was  collected  using  an  off-axis  parabolic  mirror  (/?=12  mm)  placed  above  the  sample 
and  then  analyzed  using  a  grating  spectrometer  equipped  with  an  electronically-cooled 
charged-coupled  device  and  a  streak  camera  with  a  temporal  resolution  of  approximately  10 
ps. 

The  standard  sample  measured  in  this  work  was  an  approximately  2-pm-thick  high 
quality  (FHQ)  c-plane  AIN  epilayer  grown  on  c-plane  Al203  by  low-pressure  metalorganic  vapor 
phase  epitaxy  (MOVPE)  [16,17].  The  threading  dislocation  density  (TDD)  was  2xl08  cm'2,  and 
it  exhibited  an  atomically  smooth  surface  with  0.25-nm-high  monolayer  atomic  steps  [16].  For 
quantifying  the  spatial  resolution  of  the  STRCL  system,  approximately  500-|jm-thick  c-plane 
FS-GaN  substrate  was  also  measured  [14].  Its  TDD  was  estimated  from  the  full-width  at 
half-maximum  (FWHM)  values  of  the  x-ray  rocking  curves  (XRCs)  using  the  relation  given  in 
Ref.  [18].  Those  containing  edge  components  (/VE)  were  estimated  to  be  6.6xl06  cm"2. 
Details  of  the  growth  [19,20]  and  fundamental  optical  properties  [21]  have  been  given  in 
literatures. 

Results  and  Discussion: 
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A.  I  mprovements  in  PE  emission  efficiency  by  the  use  of  a  front-excitation 
configuration  PE-gun 

Figure  3  compares  the  measured  PE  current  as  a  function  of  excitation  laser  power  for  the 
front-excitation  and  rear-excitation  configuration  PE-guns.  For  this  experiment,  the  same 
20-nm-thick  Au-film  was  excited  from  either  rear-  or  front-side  for  clarity,  although  much 
thicker  bulk  Au  layer  is  preferable  for  a  front-excitation  PE-gun  to  get  rid  of  the  irradiation 
damage  [22].  As  shown,  PE  current  was  increased  by  an  order  of  magnitude  by  the  use  of 
front-excitation  configuration.  The  result  means  that  both  the  quality  of  SEM  images  and  S/N 
ratio  of  cw  CL  spectra  will  be  improved:  to  obtain  high-resolution  SEM  image,  enough  amount 
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Fig.  3.  (a)  Photoelectron  current  as  a  function  of  time-averaged  excitation  laser  power.  The 
wavelength  and  repetition  rate  of  the  frequency-tripled  (3©)  femtosecond  AI203:Ti  laser  are 
adjusted  according  to  the  purpose  of  the  measurement,  (b)  Schematic  drawing  [13]  of  the 
electron  trajectory  and  the  positions  to  give  biases. 


of  secondary  electrons  (SEs)  is  required,  meaning  that  bright  PE  source  is  advantageous.  For 
measuring  TRCL  signals,  we  usually  inject  1-1.5  electrons  /pulse,  in  order  to  obtain  the  best 
temporal  resolution.  Flowever,  for  measuring  cw  CL  spectrum  of  better  S/N  ratio,  the  number 
of  electrons  should  be  increased  properly. 


B.  Local  time- integrated  and  time-resolved  CL  signals  of  AIN 

As  the  result  of  the  increase  in  PE  emission  efficiency  and  well-focusing  of  the 
femtosecond  e-beam  pulse,  we  succeeded  in  improving  three  items. 

(1)  Obtained  enough  amount  of  PEs  for  measuring  better  S/N  ratio  time-integrated 
cathodoluminescence  (TICL)  spectra  of  AIN. 

(2)  Obtained  well-focusing  of  the  e-beam  to  excite  e-h  pairs  in  a  limited  volume:  we  are 
able  to  reduce  the  number  of  electrons  down  to  1-1.5  per  pulse,  in  order  to  prevent  any 
degradation  in  temporal  resolution  [13].  The  resultant  number  of  excited  e-h  pairs  in  AIN  is 
deduced  to  be  less  than  1000  from  the  empirical  relation  given  in  Ref.  [23]. 

(3)  Obtained  high  PE  emission  efficiency  to  reduce  the  repetition  rate  of  the  excitation 
laser  (and  resultant  e-beam)  pulses,  while  keeping  the  quality  of  SEM  pictures  and  TRCL  decay 
curves. 

Figure  4(a)  shows  a  local  TICL  spectrum  of  the  2-pm-thick  c-plane  AIN  epilayer  [7,16,17] 
measured  at  15  K.  The  spectral  lineshape  is  very  similar  to  that  measured  with  a  wide-area  cw 
excitation  using  the  blanking  technique,  as  shown  in  Fig.  4(b)  (after  Ref.  [7]),  although  several 
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Fig.  4.  (a)  Very  local  TICL  spectrum  of  a  2-pm-thick  c-plane  AIN  epilayer  measured  at  15  K. 
(b)  Steady-state  wide-area  CL  spectrum  of  the  same  HQ  AIN  epilayer  (sample  ID#A0)  at  12 
K  (after  Ref.  [7]). 
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Fig.  5.  (a)  Very  local  streak-scope  image  showing  the  TRCL  signal  at  15  K  for  the  c-plane 
AIN  epilayer.  (b)  STRCL  signals  for  DoX1  (upper)  and  FXA  (lower)  peaks  measured  for  the 
photon  energies  marked  in  panel  (a).  We  note  that  time-resolution  of  our  STRCL  system 
using  the  front-excitation  configuration  PE-gun  is  approximately  10  ps. 


weak  peaks/shoulders  are  absent  probably  due  to  the  spatial  inhomogeneity  of  the  sample. 
We  note  that  the  peaks  FXA,  FXA(n=2),  DV,  D°X2,  1LO,  and  2LO  represent  the  emissions 
originating  from  the  recombination  of  free  A-excitons,  recombination  of  the  first  excited  state 
of  free  A-excitons,  recombination  of  excitons  bound  to  a  neutral  donor,  recombination  of 
excitons  bound  to  another  neutral  donor,  their  1-phonon  replicas,  and  2-phonon  replicas, 
respectively.  In  Ref.  [7],  D°X1  and  D°X2  are  written  as  I21  and  I22,  respectively. 

In  Fig.  5(a),  local  TRCL  signal  for  the  same  c-plane  AIN  sample  measured  at  15  K  is  shown 
as  a  streak-scope  image.  As  shown  in  Figs.  4(a)  and  5(a),  it  is  evident  that  we  could  monitor 
decay  signals  for  DoX1  and  FXA,  as  pointed  by  the  arrows.  Their  emission  wavelengths  are 
approximately  203  and  202  nm,  respectively.  In  the  next  stage  we  will  use  this  STRCL  system 
to  correlate  the  radiative  and  nonradiative  lifetimes  with  structural  irregularities  in  AIN  and 
AlxGai-xN  alloys  of  high  x. 


C.  Validation  of  the  spatial  resolution  and  the  use  of  a  pulse-picker  for  low 
repetition  rate  STRCL  measurement 

As  listed  in  our  achievements  in  section  B.-(3),  we  reached  sufficient  PE  emission 
efficiency  for  reduce  the  repetition  rate  of  the  excitation  laser  (and  resultant  e-beam)  pulses, 
while  keeping  the  quality  of  SEM  pictures  and  TRCL  decay  curves.  In  addition,  now  we  are  able 
to  measure  much  slower  decay  components,  because  the  pulse  interval  can  be  adjusted  from 
12.5  ns  to  the  longest  limit  of  125  ps.  This  enabled  us  to  measure  long  lifetimes  for  the  NBE 
emission  of  an  approximately  500-pm-thick  c-plane  FS-GaN  substrate  [14].  Limitations  for  the 
spatial  resolution  of  our  STRCL  system  and  the  relation  between  the  room  temperature 
internal  quantum  efficiency  and  nonradiative  lifetime  for  the  NBE  emission  of  GaN  are 
described  in  a  paper  listed  in  the  Publication  list  a)-l).  The  paper  is  attached  at  the  end. 


Summary  and  Prospects: 

We  constructed  high  spatial-  and  time-resolution  STRCL  measurement  system  by 
adopting  a  pulsed  PE-gun  excited  using  a  femtosecond  pulsed  laser  under  a  front-excitation 
configuration.  The  PE  emission  efficiency  was  increased  by  approximately  an  order  of 
magnitude  in  comparison  with  that  of  the  rear-excitation  one.  Accordingly,  high  S/N  ratio  local 
TICL  spectra  and  TRCL  signals  of  AIN  were  obtained.  We  will  use  this  system  to  correlate  the 
radiative  /  nonradiative  lifetimes  for  the  NBE  excitonic  emissions  in  wide  AIN  and  high  AIN  mole 
fraction  (x)  AlxGai-xN  alloys  with  structural  and  point  defects  in  the  near  future. 
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Spatio-time-resolved  cathodoluminescence  measurements  were  carried  out  on  low  threading 
dislocation  density  freestanding  GaN  substrates  grown  by  hydride  vapor  phase  epitaxy. 

High-resolution  cathodoluminescence  imaging  allows  for  visualization  of  nonradiative 
recombination  channels  in  the  vicinity  of  accidentally  formed  inversion  domain  boundaries.  Local 
cathodoluminescence  lifetimes  (jcl)  for  the  near-band-edge  (NBE)  emission  are  shown  to  be 
sensitively  position  dependent.  A  linear  relation  between  the  equivalent  internal  quantum  efficiency 
(jfinf)  and  i cl  for  the  NBE  emission  was  observed  at  room  temperature  under  a  weak  excitation 
condition,  and  spatially  resolved  excitation  led  to  the  observation  of  the  highest  rfft  of  20%  with  rc/ 
of  3.3  ns.  ©2012  American  Institute  of  Physics.  [http://dx.doi.org/10.1063/L4767357] 


Wurtzite  group-HI  nitride  semiconductors  have  inten¬ 
sively  been  studied  for  the  past  few  decades,  and  near¬ 
ultraviolet  (UV)  to  green  light  emitting  diodes  (LEDs)  as 
well  as  purple  to  blue  laser  diodes  (LDs)  based  on  InGaN 
active  regions  are  now  in  common  place.1'2  Whilst  InGaN 
LEDs  fabricated  on  defective  GaN  templates  grown  on 
(0001)  sapphire  substrates,  which  have  high  density  thread¬ 
ing  dislocations  (TDs)  typically  108  ~  109cm  2,  are  com¬ 
mercially  available  owing  to  the  defect-insensitive  emission 
probability  of  InGaN  alloys, 3~('  it  becomes  evident  that  high- 
quality  GaN  substrates  are  necessary  not  only  for  achieving 
ultimate  performance  and/or  excellent  reliabilities  of  optical 
devices  but  also  for  realizing  AlGaN/GaN  power-switching 
transistors.  For  fabricating  such  substrates,  hydride  vapor 
phase  epitaxy  (HVPE)  is  one  of  the  most  commonly 
accepted  techniques7  despite  cumulative  bowing  of  the  crys¬ 
tal  plane  that  arises  from  the  mismatch  of  the  thermal  expan¬ 
sion  coefficients  between  GaN  and  the  substrate  used. 
Indeed,  both  c-plane  and  off-polar  plane  FS-GaN  wafers 
with  significantly  reduced  TD  density  (<107cm  2)  and  low 
basal-plane  stacking  fault  (BSF)  density  (<103cm_1)  are 
distributed.7,8 

The  internal  quantum  efficiency  Off,)  for  the  near-band- 
edge  (NBE)  emission  is  determined  by  the  balance  between 
the  radiative  and  the  nonradiative  recombination  rates; 
r\)qnt  =  (1  +  where  Tr  and  t nr  are  the  radiative 

and  nonradiative  lifetimes,  respectively.  As  r nr  for  the  NBE 
emission  of  GaN  has  been  correlated  with  the  gross  concen¬ 
tration  of  point  defects  and  complexes9  rather  than  TD  den¬ 
sity,  understanding  local  carrier  (exciton)  dynamics  within 
low  structural  defect  density  areas  of  a  GaN  substrate  is  of 
paramount  importance. 


“’Author  to  whom  correspondence  should  be  addressed.  Electronic  mail: 
chichibulab@yahoo.co.jp. 


In  order  to  probe  local  carrier  dynamics  in  wide  bandgap 
(Eg)  semiconductors,  scanning  near-held  optical  microscopy 
with  a  short-pulsed  laser  is  widely  used.  However,  use  of  a 
short-pulsed  electron-beam  (e-beam)  (Refs.  10-15)  becomes 
attractive  when  characterizing  wide  Eg  materials  such  as 
AIN  (Ref.  11).  Spatio-time-resolved  cathodoluminescence 
(STRCL)  (Refs.  13-15)  takes  full  advantage  of  such  a  pulsed 
e-beam,  which  enables  high  spatial  resolution  beyond  the 
diffraction  limit  of  light  owing  to  the  focused  electronic  ex¬ 
citation  and  thus  makes  it  possible  to  interrogate  local  car- 
rier/exciton  dynamics.  Unique  opportunities  offered  by  the 
STRCL  demonstrated  so  far  includes  the  investigations  of 
the  exciton  dynamics  around  BSF  in  an  a -plane  GaN  (Ref. 
14)  and  the  slight  local  variations  of  In  incorporation  in  the 
In0.05Ga0.95N  c pi  layer1'  grown  on  an  ru- plane  FS-GaN. 

In  this  letter,  the  correlation  between  the  local  cathodo¬ 
luminescence  (CL)  intensities  and  lifetimes  for  the  NBE 
emission  is  demonstrated  using  the  STRCL  technique  in  low 
TD  density  FS-GaN  substrates  grown  by  HVPE.7  In  the  vi¬ 
cinity  of  an  accidentally  formed  trapezoidal  dimple  sur¬ 
rounded  by  inversion  domain  boundaries  (IDBs),  the  spatial 
variations  of  t cl  and  carrier/exciton  diffusion  length  (Lf)  are 
clearly  visualized. 

Approximately  0.5-mm-thick  unintentionally  doped 
c-plane  FS-GaN  substrates  grown  at  1050  °C  using  the  verti¬ 
cal  flow  HVPE  apparatus7  were  studied.  The  residual  elec¬ 
tron  concentrations  were  3  x  1018  and  2  x  I017cm  3  for 
samples  A1  and  A2,  respectively.  The  TD  densities  were 
estimated  from  the  full-width  at  half-maximum  (FWHM) 
values  of  the  x-ray  rocking  curves  (XRCs)  using  the  relation 
given  in  Ref.  16.  Those  containing  edge  components  (Ne) 
were  estimated  to  be  6.6  x  106  and  6.3  x  106cm-2  for  A1 
and  A2,  respectively. 

Prior  to  STRCL  measurement,  macroarea  steady-state 
photoluminescence  (PL)  and  time -resolved  photolumines¬ 
cence  (TRPL)  measurements  were  carried  out  using  the 
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325  nm  line  of  a  cw  He-Cd  laser  with  an  excitation  intensity 
of  20W/cm2  and  a  frequency-tripled  mode-locked  AEO3  : 
Ti  laser  operating  at  a  wavelength  of  267  nm  (200nJ/cm2), 
respectively.  Note  that  for  both  cases,  weak  excitation  condi¬ 
tions  were  maintained,  meaning  that  the  excited  carrier  con¬ 
centration  was  lower  than  that  of  the  residual  carriers.  Our 
STRCL  system  consists  of  a  scanning  electron  microscope 
(SEM)  equipped  with  an  in-house  photoelectron  gun  (PE- 
gun),12  which  was  driven  by  a  frequency-tripled  mode- 
locked  AI2O3  :  Ti  laser  pulses.  The  beam  was  focused  using 
a  fused  silica  lens  (f=  300  mm)  with  a  spot  diameter  of 
50  /un  to  a  photocathode.  The  average  power  of  80  mW  was 
used  at  a  repetition  rate  of  80  MHz,  corresponding  to  laser 
fluence  of  32  /J/cm2.  This  value  was  limited  by  the  onset  of 
optical  damage  of  the  photocathode.  The  output  e-beam  was 
launched  to  the  SEM  by  focusing  it  to  its  filament  position. 
The  probe  current  was  calibrated  by  using  a  Faraday  cup 
placed  just  above  the  temperature-controlled  stage,  and  was 
typically  20  nA  at  an  acceleration  voltage  (Vacf)  of  10  kV. 
Although  this  is  smaller  than  what  can  be  achieved  with 
a  conventional  W  filament,  reasonable  quality  of  SEM 
images  can  be  obtained.  The  luminescence  from  a  sample 
was  collected  using  an  off-axis  parabolic  mirror  ( R  =  12  mm) 
placed  above  the  sample  and  then  analyzed  by  using  a  gra¬ 
ting  spectrometer  equipped  with  an  electronically  cooled 
charged-coupled  device  and  a  streak  camera  with  a  temporal 
resolution  of  approximately  10  ps. 

Figure  1(a)  shows  a  representative  macroarea  PL  spec¬ 
trum  of  A1  at  293  K.  The  sample  exhibited  a  predominant 
NBE  peak  at  3.373  eV  with  the  FWHM  value  of  73  meV  and 
its  LO  phonon  replica  (a  shoulder  peak)  at  around  3.28  eV. 
The  peak  intensity  of  the  broad  emission  band  at  around 
2.2  eV  (so-called  yellow  luminescence  band)  was  more  than 
three  orders  of  magnitude  lower  than  that  of  the  NBE  emis¬ 
sion.  The  sample  A2  showed  an  essentially  same  spectrum, 
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FIG.  1 .  (a)  A  macroarea  steady-state  PL  spectrum  at  293  K  and  (b)  macro- 
area  TRPL  decay  signals  taken  at  293  K  for  the  NBE  emission  of  the  FS- 
GaN  substrate  grown  by  HVPE  (Al).  The  TRPL  signals  were  taken  from 
three  different  positions,  and  vertical  offsets  are  given  for  better  looking. 


indicating  that  both  samples  are  of  excellent  quality.  Figure 
1(b)  shows  room  temperature  TRPL  decay  signals  for  the 
NBE  emission  in  Al,  measured  at  three  different  positions. 
It  is  found  that  characteristic  lifetimes  of  the  fast  decay  com¬ 
ponents  (ti)  were  strongly  position  dependent,  varying  from 
0.47  to  1.24  ns,  although  the  overall  PL  spectra  were  almost 
unchanged  (data  not  shown).  The  result  implies  that  room 
temperature  z m  varies  depending  on  the  positions. 

In  order  to  visualize  spatial  variations  of  the  lumines¬ 
cence  intensity  and  to  evaluate  local  zNR  for  the  NBE  emis¬ 
sion,  STRCL  measurement  was  conducted  near  the  region 
surrounded  by  the  IDBs  in  Al.  We  note  that  IDBs  are  occa¬ 
sionally  formed  by  some  growth  perturbations.  Figures  2(a)- 
2(c),  respectively,  illustrate  SEM  image  and  CL  intensity 
images  recorded  for  the  NBE  emission  at  293  K  and  20  K. 
These  CL  images  were  taken  with  a  probe  current  of  lOOpA 
and  a  dwell  time  of  200  ms,  corresponding  to  30  min  per 
image.  The  SEM  image  showed  a  trapezoidal  dimple  sur¬ 
rounded  by  the  IDBs.  Also,  several  dark  spots  were  found 
although  their  contrasts  were  rather  faint.  These  spots  were 
also  observed  as  the  dark  spots  in  the  CL  image  at  293  K,  as 
shown  in  Fig.  2(b).  The  CL  image  at  293  K  showed  complex 
structures  since  its  contrast  reflects  spatial  distribution  of 
nonradiative  recombination  centers  (NRCs),  while  its  spatial 
resolution  is  limited  by  Lc\  =  \JD  ■  z  of  minority  carriers,17 
where  D  and  z  are  their  diffusivity  and  lifetime,  respectively. 
The  sharpness  of  the  CL  image  taken  at  20  K  was  greatly 
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FIG.  2.  (a)  SEM  image,  (b)  NBE  CL  intensity  image  taken  at  293  K,  and  (c) 
NBE  CL  intensity  image  taken  at  20 K  for  the  FS-GaN  sample  Al. 
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improved  because  D  approaches  to  zero  towards  0  K  accord¬ 
ing  to  Einstein’s  relation  D  =  kRT n/q,  where  kg  is  the  Boltz¬ 
mann  constant,  T  the  temperature,  q  the  electric  charge,  and 
/<  the  mobility.  Furthermore,  since  the  NRCs  are  essentially 
frozen  out  at  low  temperatures,  contributions  from  pure 
NRCs  are  excluded  in  Fig.  2(c).  Therefore,  the  dark  areas 
and  lines  that  remain  in  Fig.  2(c)  are  possibly  due  to  the  ab¬ 
sence  of  the  material  itself  or  the  presence  of  extremely 
strong  NRCs.  In  both  Figs.  2(b)  and  2(c),  it  can  be  seen  that 
some  straight  line  structures  run  from  the  corners  of  the  tra¬ 
pezoid  parallel  to  m-planes.  This  implies  that  the  tensile 
stress  accumulated  around  the  IDBs  is  relaxed  by  introduc¬ 
ing  cracks.  Since  there  are  no  corresponding  structures  in  the 
SEM  image,  it  is  likely  that  these  cracks  run  under  the  sur¬ 
face,  and  which  can  specifically  be  detected  in  the  CF 
images  due  to  the  finite  implantation  depth  of  the  e-beam 
and  the  longitudinal  diffusion  of  the  minority  carriers. 

The  virtue  of  STRCL  is  that  it  is  readily  accessible  to  the 
local  recombination  dynamics  for  a  particular  emission  peak. 
Local  time-integrated  cathodoluminescence  (TICL)  and  time- 
resolved  cathodoluminescence  (TRCL)  decay  signals  for  the 
NBE  emission  of  A1  measured  at  room  temperature  at  the 
positions  encircled  in  Fig.  2  are  shown  in  Figs.  3(a)  and  3(b), 
respectively.  In  this  instance,  the  probe  current  was  decreased 
to  25  pA,  which  amounts  to  2  electrons  per  pulse,  in  order  to 
prevent  any  degradation  in  temporal  resolution.1-  The  result¬ 
ant  number  of  excited  electron-hole  pairs  in  GaN  is  deduced 
to  be  less  than  2000  from  the  empirical  relation  given  in  Ref. 
18.  We  note  that  this  excitation  density  gives  the  t|  value  for 
the  TRPL  decay  constant  of  a  GaN  template  when  excited 
with  the  laser  fluence  of  2  /d/cnr  (Ref.  12).  This  value  is  an 
order  of  magnitude  higher  than  that  used  for  the  TRPL  mea¬ 
surement.  However,  weak  excitation  conditions  are  still  main¬ 
tained.  The  nominal  NBE  peak  energy  was  approximately 
3.38  eV,  while  the  FWHM  values  were  90meV,  both  of  which 
are  in  reasonable  agreement  with  Fig.  1(a).  In  these  spectra, 
we  found  subtle  redshifts  of  the  NBE  emission  peak  inside 
and  on  the  peripheries  of  the  trapezoid.  This  can  be  attributed 
to  the  local  strain  or  increased  residual  electron  concentration. 
We  fit  the  decay  curves  by  a  double  exponential  function  to 
extract  X\,  and  found  that  t|  significantly  varied  depending  on 
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FIG.  3.  Position  dependent  TICL  spectra  (a)  and  TRCL  decay  signals  (b)  for 
the  NBE  emission  of  FS-GaN  sample  A1  measured  at  293  K.  The  number 
corresponds  to  the  position  encircled  in  Fig.  2. 
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FIG.  4.  The  values  of  for  the  NBE  emission  peak  of  FS-GaN  samples  at 
room  temperature  as  a  function  of  the  fast  decay  constant  (tj  )  obtained  from 
the  STRCL  measurement.  The  results  for  the  macroarea  measurement  for 
both  the  HVPE  FS-GaN  (sample  CO  in  Ref.  19)  that  exhibited  the  longest 
positron  diffusion  length  (L-  —  116nm)  and  GaN  templates  are  also 
included  for  reference. 


the  positions.  The  decrease  of  X\  near  the  visual  defects  in  the 
CL  image  at  293  K  [see  Fig.  2(b)]  can  be  understood  as 
enhanced  recombination  at  NRCs  because  at  room  temper¬ 
ature  is  generally  dominated  by  x^R.  By  contrast,  local  tj  val¬ 
ues  measured  at  10  K  were  almost  independent  of  the 
positions  being  180  ps.  This  is  reasonable  since  xR  dominates 
t cl  at  low  temperature. 

We  also  evaluated  the  local  equivalent  internal  quantum 
efficiencies  for  the  NBE  emission  by  simply  taking  the 
ratio  of  the  integrated  spectral  intensities  at  293  K  to  that  at 
20  K.  The  results  for  A1  and  A2  are  summarized  as  a  func¬ 
tion  of  t i  in  Fig.  4.  The  best  data  for  the  macroarea  PL  mea¬ 
surement  on  similar  HVPE  FS-GaN  (Ref.  19)  and  typical 
values  observed  for  GaN  templates  are  also  plotted  for  refer¬ 
ence.  As  shown,  rf^  linearly  increases  with  the  increase  in  X] 
according  to  rf?t  =  (1  +  xR/xNR)~l,  where  we  assume  that 
xR  is  an  intrinsic  value  to  a  particular  material-0  and  that  x cl 
is  generally  dominated  by  x^R  at  room  temperature  under  the 
relation  x^j  =  xR  1  +  x^R.  Although  the  overall  trend  of 
higher  rf?t  in  the  local  measurement  may  indicate  somewhat 
higher  excitation  density  used,  the  spatially  focused  excita¬ 
tion  in  STRCL  can  selectively  probe  highly  luminescent 
regions  that  are  less  affected  by  NRCs.  As  a  result,  a  record 
high  rf?t  of  up  to  20%  was  obtained  for  position  4  in  Fig.  2, 
where  T[  was  as  long  as  3.33  ns. 

In  summary,  local  carrier  recombination  dynamics  in 
the  low  TD  density  FS-GaN  substrates  grown  by  HVPE 
were  studied  by  STRCL  measurement.  In  addition  to  the  vis¬ 
ualization  of  defect  networks  originating  from  the  IDBs  in 
the  CL  intensity  images,  the  spatially  resolved  TICL  and 
TRCL  measurements  revealed  a  linear  correlation  between 
rf?t  and  x cl  at  room  temperature.  The  spatially  focused  exci¬ 
tation  led  us  to  observe  the  highest  rQt  of  20%  and  the  lon¬ 
gest  x cl  of  3.33  ns  at  293  K.  We  believe  that  our  results 
demonstrate  the  potential  of  FS-GaN  grown  by  HVPE  and 
serves  as  a  benchmark  for  future  development. 
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Impacts  of  point  defects  and  impurities  on  the  recombi-  samples  may  reflect  the  carrier  release  from  band-tail 

nation  dynamics  for  the  near-band-edge  (NBE)  emission  states.  Similar  to  these  AIN,  low-temperature  xR  for  low- 

in  AIN  and  high  AIN  mole  fraction  AlxGai_xN  epilayers  temperature-grown  high-x  AfGa^JSf  are  longer  than  that 

are  revealed  by  means  of  deep  ultraviolet  (DUV)  time-  for  low-x  AlxGai_xN,  AIN,  or  GaN  due  to  the  contribution 

resolved  luminescence  and  positron  annihilation  meas-  of  bound  and  localized  tail-states.  However,  Tr  shows  lit- 

urements.  Extremely  radiative  nature  of  AIN  is  identified,  tie  change  with  temperature  rise,  and  is  still  a  few  ns  at 

as  the  radiative  lifetime  (xR)  for  a  free  excitonic  polariton  300  K.  The  results  essentially  indicate  an  excellent  radia- 

emission  is  as  short  as  10  ps  at  7  K  and  180  ps  at  300  K,  tive  performance,  although  the  luminescence  efficiency 

which  are  the  shortest  ever  reported  for  spontaneous  of  AIN  and  AlxGai_xN  DUV  light-emitting-diodes 

emission  of  bulk  semiconductors.  However,  tr  increases  (LEDs)  reported  so  far  is  limited  by  short  nonradiative 

with  the  increase  in  impurity  and  Al-vacancy  (VM)  con-  lifetimes  (tnr).  To  increase  Tnr,  high  temperature  growth 

centrations  up  to  530  ps  at  7  K,  irrespective  of  the  thread-  with  appropriate  defect  management  is  preferable, 

ing  dislocation  (TD)  density.  Continuous  decrease  in  xR 
with  temperature  rise  up  to  200  K  for  heavily-doped 
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1  Introduction  Aluminium  nitride  (AIN)  and  high 
AIN  mole  fraction  (x)  AlxGai_xN  alloys  have  attracted  con¬ 
siderable  interest  for  applications  in  UV-C  (200~280  nm) 
DUV  LEDs,  because  the  bandgap  energy  (E,,)  of  AIN  is 
6.01  eV  at  300  K  [1,2].  Taniyasu  et  al.  [3]  have  demon¬ 
strated  the  shortest  wavelength  electroluminescence  peak 
at  210  nm  from  an  AIN p-i-n  homojunction  LED.  However, 
its  external  quantum  efficiency  (r|ext)  was  as  low  as  10'8  [3], 
and  typical  r|ext  for  the  state-of-the-art  AIGaN  DUV  LEDs 
is  approximately  3%  [4]. 

As  known,  r|ext  is  a  product  of  internal  quantum  effi¬ 
ciency  (ijint),  injection  efficiency,  and  light  extraction  effi¬ 
ciency.  The  latter  two  components  should  be  increased  by 
optimizing  device  configurations  and  doping.  Meanwhile, 
Pint  is  a  material  talent  that  is  a  fraction  of  radiative  rate 
over  the  sum  of  radiative  and  nonradiative  rates;  i.  e. 
Tj int=(  1  +xR/ Tnr) ' 1  •  To  improve  r|int,  xR  and  iNR  must  be 
quantitatively  understood  as  functions  of  structural  /  point 
defect  and  impurity  concentrations  (crystal  imperfections). 
However,  only  few  papers  [5-8]  have  dealt  with  the  re¬ 


combination  dynamics  of  AIN  and  high-x  AlxGai_xN,  be¬ 
cause  of  the  lack  of  a  desirable  DUV  femtosecond  excita¬ 
tion  source. 

In  this  article,  the  results  of  time-resolved  lumines¬ 
cence  and  positron  annihilation  spectroscopy  (PAS)  meas¬ 
urements  on  AIN  and  high-x  AlxGai_xN  alloys  are  reported 
[6-8].  We  first  introduce  two  femtosecond  excitation 
sources  for  time -resolved  photoluminescence  (TRPL)  and 
time-resolved  cathodoluminescence  (TRCL)  measurements. 
Then  we  quantify  gross  intrinsic  xR  for  a  free  excitonic 
polariton  emission  of  high-quality  AIN  to  identify  its 
extremely  radiative  nature.  Next  we  show  the  results  for 
various  quality  AIN  to  reveal  that  point  defects  and 
impurities,  rather  than  TDs,  play  the  major  role  in  limiting 
tr  and  TnR  for  the  NBE  emission.  Finally,  we  show  that 
AlxGa^N  epilayers  of  high  x  essentially  have  an  excellent 
radiative  performance. 

2  Experimental  procedures 
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2.1  Analytical  techniques  Steady-state  cathodolu- 
minescence  (CL)  was  excited  using  an  electron  beam  ( e - 
beam)  operated  at  3.5  kV  acceleration  voltage  and  l.OxlO'2 
A-cm"2  probe  current  density  [6-9]. 

As  Es  of  AIN  is  as  large  as  6.01  eV  [1,2],  a  frequency- 
quadrupled  (4co)  mode-locked  AL03:Ti  laser  [5-8]  was 
used  for  the  TRPL  measurement.  Approximately  115  fs 
pulses  of  the  laser  light  (197~200  nm)  were  generated  by 
mixing  the  fundamental  (to)  and  frequency-tripled  (3ro) 
beams  using  a  barium  borate  crystal,  as  shown  in  Fig.  1. 
The  repetition  rate  and  power  density  were  80  MHz  and  40 
nJ-cm"2  (per  pulse),  respectively.  The  maximum  electron- 
hole  ( e-h )  pair  concentration  is  estimated  to  be  4xl015  cm"3 
during  the  pulse,  assuming  the  absorption  coefficient  of 
AIN  as  103  cm"1  at  198  nm.  In  order  to  excite  semiconduc¬ 
tors  having  E„  larger  than  the  photon  energy  of  the  4® 
beam,  we  constructed  a  femtosecond-laser-driven  photo¬ 
electron  gun  (PE-gun)  [7,8,10]  similar  to  Ref.  [11]  for 
TRCL  measurements.  It  consisted  of  a  15-nm-thick  Au 
film,  extraction  electrodes,  and  acceleration  electrodes  to 
give  Racc,  as  shown  in  Fig.  1.  The  Au  film  was  excited 
from  the  rear  surface  using  the  3k>  pulses  of  the  AL03:Ti 
laser  (240~280  nm,  100  fs,  ~1  pJ-cm'2  a  pulse).  The  dis¬ 
tance  between  the  PE-gun  and  the  sample  was  52.5  mm. 
The  quantum  efficiency  of  the  PE-gun  was  approximately 
2.5xl0"6  electrons  per  photon  for  Facc=10  kV,  and  the  e- 
beam  current  density  was  1.8  pA-cm"  during  each  pulse. 
The  corresponding  excitation  density  calibrated  to  our 
TRPL  is  approximately  10  nJ-cm"2.  Therefore,  excitation 
intensities  for  TRPL  and  TRCL  were  low  enough  to  satisfy 
a  weak-excitation  regime,  which  underlines  the  nonradia- 
tive  processes  at  300  K. 

Energy-resolved  TRPL  and  TRCL  signals  were  ac¬ 
quired  using  a  streak-camera,  which  limits  the  overall 
minimum  time  resolution  approximately  7  ps.  In  case  of 
TRCL,  because  e-beams  can  be  implanted  into  far  below 
the  surface,  unwanted  surface  recombination  effects  may 
be  minimized.  For  example,  the  implantation  depth  profile 
peak  is  approximately  250  nm  for  Facc=  1 0  kV.  To  system¬ 
atically  compare  xR  and  xNR  for  various  quality  samples, 
the  effective  PL  (CL)  lifetime  TPL«x),eff  is  defined  [12]  as 
the  time  after  excitation  when 

j0TpL(CL^ff/(t)dt//0tiim/(t)dt  becomes  1-1/e,  where  1(f) 
is  the  intensity  at  time  t  and  t\ jm  is  defined  as  the  time  when 
7(6im)  becomes  0.017(0).  The  effective  radiative  and  nonra- 
diative  lifetimes  (xR,eff  and  xNR.eff,  respectively)  are  deduced 
from  ilint=(l+xR,efl/xNRieff)"1  and  x^(CL)  eff  =  xj^eff  +  xj^eff, 
where  qlnl  is  approximated  [12]  as  the  spectrally-integrated 
weakly-excited  PL  (CL)  intensity  at  given  temperature  T 
over  that  at  around  8~  10  K  (//k/Rk)-  Here,  the  relaxation 
efficiency  toward  the  radiative  NBE  states  is  assumed  to  be 
nearly  independent  of  T. 

In  order  to  correlate  xR  and  XnR  with  concentrations  of 
cation  vacancies  ( Vm )  and  Rln-complexes,  PAS  measure¬ 
ment  [13-15]  was  carried  out  using  the  monoenergetic 
positron  (e+)  beam  line  [12,15,16].  Here,  S  parameter  [13- 
15]  for  the  Doppler-broadening  spectrum  of  e+-e  annihila- 
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Figure  1  Schematic  drawing  of  TRPL  and  TRCL 
measurement  system.  (Reproduced  from  Ref.  [7]). 


tion  y-rays  is  used  as  the  measure  of  concentration  or  size 
of  negatively  charged  FIlrdefects  [13-15].  Details  of  the 
measurement  and  analysis  are  given  in  Refs.  [12,15,16]. 


2.2  Samples  Various  quality  AIN  and  AlxGai_xN  epi- 
layers  [6-9]  were  grown  by  low-pressure  metalorganic  va¬ 
por  phase  epitaxy  (MOVPE).  In  most  cases,  the  reactor 
pressure  was  2.0x1 04  Pa. 

Approximately  2-p.m-thick  c-plane  AIN  films  (sample 
numbers  A1~A5)  were  grown  on  c-plane  AL03  substrates, 
and  an  /w-plane  AIN  film  (A6)  was  grown  on  an  m -plane 
freestanding  GaN  substrate  [17].  The  mole  flow  ratio  of 
NH3  to  trimethylaluminium  (TMA1)  was  varied  between 
32  to  3160.  The  TD  densities  having  edge  components 
(Ne)  were  2xl08  cm'2  for  Al,  lxlO9  cm'2  for  A2  and  A6, 
3xl09  cm'2  for  A4  and  A5,  and  lxlO10  cm'2  for  A3  (the 
values  are  shown  in  Fig.  2).  The  growth  temperatures  (T,f 
were  1500°C  for  Al  and  1350°C  for  A2  and  A3.  These 
samples  are  classified  as  high-temperature  grown  (HTG) 
samples.  Their  Si,  C,  and  O  concentrations  were  below  the 
detection  limit  of  secondary-ion-mass  spectrometry  (below 
5xl017  cm"3,  1017  cm'3,  and  5xl017  cm"3,  respectively).  The 
low-temperature  grown  (LTG)  AIN  samples  A4  and  A5 
were  grown  at  1200°C,  and  A6  was  grown  at  1120°C  to 
prevent  GaN  substrate  from  decomposing.  Among  these, 
A5  contained  high  concentration  impurities 
([Si]s[C]=4xl019  cm'3  and  [O]=2xl019  cm'3).  Those  con¬ 
centrations  in  A4  and  A6  were  an  order  of  magnitude 
lower  than  A5.  All  the  epilayers  exhibited  smooth  surface 
morphology  with  0.25-nm-high  monolayer  or  0.50-nm- 
high  bilayer  atomic  steps. 

We  also  grew  approximately  1.3-|im-thick  (0001) 
AlxGai_xN  epilayers  (x=0.65,  0.75,  0.89,  and  0.97)  on  an  1- 
pm- thick  AIN  epitaxial  template  [9],  which  was  grown  on 
a  (0001)  AL03  substrate.  Trimethylgallium  (TMGa), 
TMA1,  and  NH3  were  used  as  the  precursors,  and  the  mole 
flow  ratio  of  NH3  to  sum  of  TMGa  and  TMA1  was  varied 
between  32  to  3160.  The  value  of  Tg  was  varied  between 
1120  and  1200°C.  These  samples  are  classified  as  LTG 
AlGaN.  The  NE  values  were  estimated  from  the  full-width 
at  half-maximum  (FWHM)  for  the  {10-12}  x-ray  rocking 
curve  (1200~1500  arcsec)  using  the  relation  given  in  Ref. 
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[18]  to  be  2~3xl09  cm'2.  The  TD  densities  having  pure 
screw  components  are  estimated  [18]  to  be  lower  than 
2-6x1 07  cm"2.  They  were  characterized  using  the  x-ray  re¬ 
ciprocal  space  mapping  method  to  be  partially  relaxed.  The 
x  values  were  calculated  from  the  in-plane  and  out-of¬ 
plane  lattice  parameters  and  the  degree  of  relaxation  using 
the  relation  similar  to  that  given  in  Ref.  [19]. 

3  Results  and  discussion 


3.1  AIN  Room-temperature  (RT)  and  low-temperature 
(LT)  CL  spectra  for  the  AIN  samples  are  shown  in  Fig.  2. 
As  shown,  the  LT  CL  spectra  for  HTG  samples  are  charac¬ 
terized  by  the  predominant  sharp  excitonic  NBE  peaks  and 
weak  broad  emission  bands  between  4.2  and  2.5  eV.  Pre¬ 
cisely  [6,9],  the  spectrum  of  A1  exhibited  four  bound  exci- 
ton  peaks  (6.1040~6.1243  eV),  ground  state  and  the  first 
excited  state  free  A-excitonic  peaks  at  FXA=6.1383  and 
FXA(n=2)=6.1768  eV,  respectively,  their  longitudinal  optical 
(LO)  phonon  replicas  energetically  lower  than  6.058  eV, 
and  B-  and  C-excitonic  shoulder  at  FXB>c=6.27  eV.  These 
energies  are  higher  by  95  meV  than  the  strain-free  values 
due  to  the  in-plane  compressive  strain  [2].  The  strongest 
neutral  donor  bound  exciton  peak  at  6.1243  eV  (L1)  exhib¬ 
ited  the  narrowest  FWF1M  being  2.9  meV,  indicating  rea¬ 
sonable  crystal  homogeneity.  The  crystal  perfection  of  A1 
is  also  confirmed  by  the  small  S  being  0.458,  which  is 
close  to  the  characteristic  S  for  nearly  FAi-free  ([FAi]<1015 
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Figure  2  Steady-state  CL  spectra  of  AIN  epilayes 
measured  at  (a)  300  K  and  (b)  12  K.  The  Ne  values  are 
shown  in  parentheses.  FX,  I2,  and  LO  mean  free  exciton, 
neutral  donor  bound  exciton,  and  LO  phonon  replica, 
respectively  (Reproduced  from  Ref.  [7]). 


Figure  3  Energy-resolved  TRPL  signals  for  FXA,  L1, I22, 
and  a  LO  phonon  replica  of  FXA  (1LO)  peaks  in  the  AIN 
sample  A1  at  7  K.  (Reproduced  from  Ref.  [6]). 

cm'3)  AIN  (.S' free)  [15]. 

The  CL  spectra  for  LTG  ones,  in  contrast,  are  charac¬ 
terized  by  stronger  deep-state  emission  bands  and  a  broad 
NBE  emission  band  at  around  5. 7-5. 8  eV.  For  A5  and  A6, 
the  NBE  CL  peak  energies  were  approximately  200  meV 
lower  than  Eg  and  the  FWF1M  values  were  as  large  as  160 
meV  at  12  K,  indicating  that  the  emission  originates  from 
certain  bound  states.  Because  the  deep-state  emission 
bands  at  3.1,  3.8,  and  4.5  eV  have  been  assigned  to  origi¬ 
nate  from  point  defect  complexes  involving  FArO  [20-23], 
FArSi  [22],  and  FA!  [23],  respectively,  the  results  suggest  a 
formation  of  band-tail  due  to  the  residual  impurities  incor¬ 
porated  during  LTG.  As  shown,  the  spectral  feature  is  not 
really  influenced  by  Ne. 

Energy-resolved  TRPL  signals  for  A1  at  7  K  are  shown 
in  Fig.  3.  The  spectra  exhibited  a  single  or  a  double  expo¬ 
nential  decay  shape  with  very  fast  lifetime  (ii).  The  ipL.eff 
value  for  FXA  was  as  short  as  11.3  ps.  Flowever,  because 
ipi  err  for  the  neutral  donor  bound  excitons  L  and  I22  were 
1 1.4-13.1  ps  and  tr  of  free  excitons  should  be  shorter  than 
bound  excitons,  TpL>eff  of  FXA  may  be  shorter  than  1 1  ps.  it 
is  well-known  that  measuring  lifetime  of  an  LO  phonon 
replica  is  preferable  to  determine  reliable  Tpl  in  the  bulk 
region.  This  is  because  the  energies  of  LO  phonon  replicas 
are  lower  than  Es  and  they  can  come  out  from  the  bulk, 
where  any  possible  effects  due  to  surface  recombination 
can  be  excluded.  As  shown  in  Fig.  3,  TPLieff  of  FXa-1LO 
peak  at  6.016  eV  was  9.6  ps. 

In  general,  tpl  at  LT  is  governed  by  tr,  because  nonra- 
diative  recombination  centres  (NRCs)  are  frozen  and  ideal 
diffusion  lengths  of  carriers  approach  nearly  zero.  Obvi¬ 
ously,  tpL.eff  of  FXa  approximately  10  ps  is  much  shorter 
than  general  tpl  values  reported  for  GaN  (35-220  ps)  [24] 
and  ZnO  (106  ps)  [25].  The  TReff  value  for  the  NBE  emis¬ 
sion  at  LT  in  III-V  and  II- VI  semiconductors  are  plotted  as 
a  function  of  Eg  in  Fig.  4  [6].  The  value  of  xR  is  described 
[26]  as  tr  =  27i€0m0c3/(ne2(n2/),  where /is  the  oscilla¬ 
tor  strength,  n  the  refractive  index,  s0  the  dielectric  con¬ 
stant  in  vacuum,  and  m0  the  electron  mass  in  vacuum.  As 
described  in  Ref.  [6],  tr  of  FXA  in  AIN  is  calculated  to  be 
8.4  ns,  which  is  shorter  by  a  factor  of  14  than  GaN  (120  ns). 
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Figure  4  Low-temperature  xR,efr  for  the  NBE  emissions 
in  III-V  and  II- VI  compound  semiconductors  as  a 
function  of  Eg.  (Reproduced  from  Ref.  [6]). 

This  trend  is  consistent  with  Fig.  4.  However,  absolute 
values  are  3  orders  of  magnitude  longer  than  the  measured 
ones.  The  discrepancy  can  be  partially  explained  consider¬ 
ing  the  formation  of  exciton-polaritons  [27,28].  Right  after 
excitation,  electrons  and  holes  loose  their  excess  energy 
and  momentum  within  the  bands,  which  usually  take  sub 
ps  [29].  Subsequently  excitons  are  formed  and  relax  to  an 
exciton-polariton  bottleneck,  especially  at  LT.  An  exciton- 
polariton  is  a  manifold  of  an  exciton  and  a  light  wave  that 
can  propagate  in  a  material,  and  thereby  the  polariton  life¬ 
time  is  the  time-of-flight  to  the  surface  [28].  This  is  de¬ 
pendent  on  energy,  in  particular  around  the  bottleneck,  due 
to  the  strong  variation  of  the  group  velocity.  It  also  de¬ 
pends  strongly  where  the  polariton  has  been  created.  Then, 
what  one  measures  could  be  space-averaged  time-of-flight. 
This  is  only  true  if  polaritons  propagate  without  collisions. 
As  we  have  thick  samples,  elastic  collisions  may  dominate 
the  polariton  lifetime.  Assuming  that  the  polariton  lifetime 
near  the  bottleneck  in  AIN  is  close  to  that  calculated  for 
GaN  being  a  few  ps  [30],  the  measured  lifetime  of  10  ps 
may  reflect  whole  processes.  Nevertheless,  the  shortest  in¬ 
trinsic  iR,eff  at  LT  in  Fig.  4  indicates  that  the  material  itself 
is  quite  radiative. 

Different  from  HTG  samples,  TRPL  and  TRCL  signals 
for  LTG  AIN  (and  AlxGa[_xN)  samples  exhibited  a 
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Figure  5  Temperature  variations  of  (a)  TRPL  and  (b) 
TRCL  signals  for  the  NBE  emission  of  heavily  C-,  Si-, 
and  O-doped  LTG  AIN  (A5).  (Reproduced  from  Ref. 
[7]). 
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Figure  6  Low  temperature  xR>eff  for  the  AIN  epilayers  as 
a  function  of  S.  The  Sfree  value  for  AIN  is  0.458.  The  S 
value  for  A5  is  lessened  in  comparison  with  other  sam¬ 
ples  due  to  the  formation  of  KA|(On)x  complexes  [15]. 
(Reproduced  from  Ref.  [7]). 

stretched  exponential  decay  with  slower  lifetimes  at  LT. 
As  shown  in  Figs.  5(a)  and  5(b),  TpL(CL>,eff  value  for  the 
NBE  emission  of  A5  at  7  K  was  as  long  as  528  ps.  This  is 
characteristic  of  the  emission  processes  in  amorphous  or 
defective  semiconductors  with  pronounced  tail  states  [31]. 
Here  we  note  that  in  our  weak-excitation  conditions,  TRCL 
results  are  quite  similar  to  the  TRPL  results.  The  result  in¬ 
dicates  that  TRCL  has  similar  time -resolution  as  that  of 
TRPL  (see  the  signals  at  300  K). 

Because  donor  doping  increases  Va\  concentration 
through  the  Fermi-level  effect  [32],  S  of  A4-A6  (>0.463) 
were  higher  than  the  HTG  series  (<0.462).  Low  tempera¬ 
ture  tR,eff  values  are  plotted  as  a  function  of  S  in  Fig.  6,  in 
which  .S'rrcc=0.458  [15]  is  marked  on  the  horizontal  axis. 
Considering  the  fact  that  LA|(0\)X  complexes  exhibit 
smaller  characteristic  S  than  isolated  VA\  [15],  the  result 
shown  in  Fig.  6  indicates  that  xRieff  of  excitons  bound  to 
high  concentration  donors  (A4)  and  e-h  pairs  bound  in 
band-tail  states  (A5  and  A6)  are  much  longer  than  the  in¬ 
trinsic  xR  eff  being  of  the  order  of  10  ps.  We  note  that  TD  it¬ 
self  (Ay  has  negligible  influence  on  xR>eff  (and  xNRieff)- 
Temperature  dependencies  of  xR(.fT  and  xNR>eff  for  Al 
and  A5  are  compared  in  Fig.  7.  For  Al,  xR>eff  monotoni- 
cally  increased  according  to  approximately  T1'5  above  130 
K,  reflecting  the  increase  in  kinetic  energy  of  quantum  par¬ 
ticles  in  three-dimensional  (3D)  free  space  [33].  The  value 
of  xR-eff  reached  183  ps  at  300  K.  However,  this  is  still  the 
shortest  among  the  semiconductors  shown  in  Fig.  4.  Due  to 
the  thermal  activation  of  NRCs,  xNR-crr  decreased  with  T. 
On  the  contrary,  xR<err  for  the  NBE  emission  of  A5  first  de¬ 
creased  with  T up  to  200  K.  The  result  may  reflect  a  recov¬ 
ery  in  f  of  e-h  pairs,  as  follows:  they  are  spatially-separated 
in  the  conduction  band  minima  (CBM)  and  valence  band 
maxima  (VBM)  at  low-temperature,  as  schematically 
shown  in  Fig.  7(b),  where  CBM  and  VBM  are  formed  due 
to  charged  impurities  and  counter-charged  point  defects. 
As  T  increases,  the  carriers  may  be  released  to  3D  space  to 
gain  the  wavefunction  overlap.  Above  230  K,  xR>eff  in¬ 
creases  with  T1'5.  The  decrease  in  xNR<eff  with  T  in  A5  is 
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Figure  7  Temperature  dependencies  of  measured 
tpL(<x),eff  and  calculated  xRjeff  and  xNR,eff  for  the  AIN  epi- 
layers  (a)  HTG  A1  and  (b)  LTG  A5.  (Reproduced  from 
Ref.  [7]). 


much  remarkable  than  Al,  reflecting  enhanced  carrier  cap¬ 
ture  by  NRCs  due  to  the  carrier  release  from  the  tail-states. 
Because  the  change  in  iNR.eff  at  300  K  was  only  from  10  ps 
to  7  ps  with  the  increase  in  S  and  both  are  close  to  the  time 
resolution,  assertive  conclusion  cannot  be  drawn  on  the  re¬ 
lation  between  XNR,eff  and  VAi  concentration.  However, 
similar  to  the  case  for  GaN  [12]  and  ZnO  [25],  VAr 
complexes  may  act  as  a  severe  NRC  in  AIN. 


3.2  High  AIN  mole  fraction  AlxGa^N  alloys 

Steady-state  PL  or  CL  spectra  at  LT  for  the  AlxGai_xN  epi- 
layers  are  shown  in  Fig.  8.  Their  spectra  exhibited  a  spec¬ 
trally  broad  but  reasonably  intense  NBE  peak.  Similar  to 
the  results  reported  previously  [16,34,35],  their  peak  ener¬ 
gies  are  lower  by  approximately  200  meV  than  Es.  As 
shown,  the  luminescence  intensities  for  the  deep-state 
emission  bands  below  4.4  eV  are  two  or  three  orders  of 
magnitude  weaker  than  the  NBE  peak.  However,  because 
these  films  are  LTG,  band-tail  formation  and  composi¬ 
tional  inhomogeneity  are  hard  to  avoid. 

Compositional  variations  in  the  FWHM  value  for  the 
NBE  emission  at  8  K,  S  parameter,  xRjeff(8  K),  TReff(300  K), 
and  T\r  CI|{300  K)  for  the  AlxGai_xN  epilayers  are  shown  in 
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Figure  8  Steady-state  PL  and  CL  spectra  at  6~12K  for 
the  AlxGai_xN  alloy  epilayers  grown  by  MOVPE. 
(Reproduced  from  Ref.  [8]). 
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Figure  9  (a)  FWHM  value  for  the  NBE  emission  at  8 
K,  (b)  S  parameter,  and  (c)  xR>eff  at  8  K,  xRierr  at  300  K, 
and  iNR,effat  300  K  for  the  NBE  emission  of  AlxGai_xN 
epilayers.  The  samples  of  x<0.64  were  grown  at  1150  °C 
[16].  (Reproduced  from  Ref.  [8]). 

Fig.  9.  The  samples  of  x<0.64  were  grown  at  1150  °C  on  a 
(0001)  AL03  substrate  [16].  The  dashed  curve  in  Fig.  9(a) 
shows  the  calculated  FWHM  value  [16]  for  the  NBE  emis¬ 
sion  of  statistically  homogeneous  AlxGa!_xN  according  to 
alloy-broadening  model  [36].  The  dashed  line  in  Fig.  9(b) 
connects  the  Sfree  values  of  GaN  [8,12]  and  AIN  [7,8,15], 
which  represents  *Sfree  of  AlxGai_xN  alloys.  From  the  figure, 
following  tendency  can  be  extracted.  Because  Tg  was  in¬ 
sufficient,  FWHM  values  for  the  NBE  emission  are  larger 
than  the  ideal  values.  In  addition,  S  of  all  the  epilayers  are 
larger  than  5Vree,  meaning  that  present  samples  contain  high 
concentration  Fm-defects.  As  the  formation  energy  of  VM 
in  AIN  is  far  lower  than  that  of  Ga  vacancies  in  GaN  and 
even  negative  for  17-type  sample  [32],  major  Fnrdefect  in 
AlxGai_xN  is  assigned  to  Lai-  The  simultaneous  increase  in 
TR  cn(8  K)  and  S  for  LTG  AlxGai_xN,  therefore,  means  that 
certain  point-defect  complexes  involving  K\i  produce  the 
band-tail  to  elongate  xR>eff{8  K),  as  is  the  case  with  AIN  [7]. 

Conversely,  however,  xRcn{300  K)  decreases  with  in¬ 
creasing  x,  at  least  for  x>0.4.  This  is  consistent  with  the 
fact  that  /  for  3D  e-h  pairs  (excitons)  in  AIN  is  approxi¬ 
mately  4  to  10  times  that  of  GaN  [6-8,37].  As  a  matter  of 
fact,  xR>eff  values  for  HTG  AIN  are  as  short  as  10  ps  at  8  K 
and  180  ps  at  300  K  [7].  Therefore,  although  xR!eff  values  at 
8  K  are  longer  than  the  expected  ones,  room  temperature 
xR,eff  being  in  the  order  of  a  few  ns  for  the  AlxGai_xN  alloys 
of  high  x  are  reasonably  short,  being  comparable  to  or  even 
shorter  than  that  of  GaN  and  InGaN  films  [12]. 

4  Conclusion  Extremely  radiative  nature  of  AIN  is 
revealed  from  the  short  xR-crr  for  the  excitonic  polariton 
emission  (10  ps  at  7  K  and  180  ps  at  RT).  However,  the 
tR.eff  value  increases  with  the  increase  in  impurity  and  Fai 
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concentrations  up  to  530  ps  at  7  K,  irrespective  of  AE.  Con¬ 
tinuous  decrease  in  iR  with  temperature  rise  up  to  200  K 
for  LTG  AIN  may  reflect  the  dominance  of  the  emission 
from  band-tail  states  formed  due  to  impurities  and  point 
defects.  For  LTG  high-x  AlxGai_xN  epilayers,  tr  is  elon¬ 
gated  due  to  the  contribution  of  band-tail  states.  Flowever, 
tr  shows  little  change  with  temperature  rise,  and  the  value 
is  still  a  few  ns  at  300  K.  The  results  indicate  that  high-x 
AlxGai_xN  also  has  an  excellent  radiative  nature.  Because 
point  defects  and  impurities,  rather  than  TDs,  limit  tr  (and 
tNr),  FIT  growth  and  appropriate  defect  management  are 
necessary  in  extracting  their  radiativeperformance. 
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A  spatio-time -resolved  cathodoluminescence  (STRCL)  system  was 
constructed  by  replacing  the  electron  beam  (e-beam)  gun  of  a 
conventional  scanning  electron  microscope  by  the  in-house 
manufactured  pulsed  e-beam  gun,  which  is  excited  using 
femtosecond  laser  pulses.  By  using  this  system,  STRCL 
measurements  were  carried  out  on  low  threading  dislocation 
density  freestanding  GaN  substrates  grown  by  hydride  vapor  phase 
epitaxy.  High-resolution  cathodoluminescence  imaging  allows  for 
visualization  of  nonradiative  recombination  channels  in  the 
vicinity  of  accidentally  formed  domain  boundaries.  Local 
cathodoluminescence  lifetimes  (tcl)  for  the  near-band-edge  (NBE) 
emission  are  shown  to  be  sensitively  position  dependent.  A  linear 
relation  between  the  equivalent  internal  quantum  efficiency  (r|inteq) 
and  Tcl  for  the  NBE  emission  was  observed  at  room  temperature 
under  a  weak  excitation  condition,  and  spatially  resolved  excitation 
led  to  the  observation  of  the  highest  r|inteq  of  20  %  with  tcl  of  3.3 
ns. 


Introduction 

As  a  solution  to  concerns  about  energy  crisis,  exploitation  of  high-efficiency  power¬ 
switching  devices  using  AlGaN/GaN  heterostructure-field-effect-transistors  and  solid- 
state-lighting  using  InGaN  quantum  well  light-emitting-diodes  (LEDs)  is  one  of  the 
significant  ways  for  drastically  decreasing  total  energy  consumption  (1).  Whilst  InGaN 
LEDs  fabricated  on  defective  GaN  templates  grown  on  (0001)  sapphire  substrates,  which 
have  high  density  threading  dislocations  (TDs)  typically  108~109  cm"2,  are  commercially 
available  thanks  to  the  defect-insensitive  emission  probability  of  InGaN  alloys  (2-7),  it 
becomes  evident  that  high-purity,  large-area,  lfee-standing  GaN  (FS-GaN)  wafers  with 
low  threading  dislocation  density  (TDD)  are  necessary  not  only  for  achieving  ultimate 
performance  and/or  excellent  reliabilities  of  optical  devices  but  also  for  realizing 
AlGaN/GaN  power-switching  transistors.  Especially,  suppression  of  the  efficiency-droop 
phenomenon  in  InGaN  LEDs  is  predicted  for  the  devices  grown  on  off-polar  plane,  heat- 
conducting  FS-GaN  substrates. 


For  fabricating  such  substrates,  hydride  vapor  phase  epitaxy  (HVPE)  is  one  of  the 
most  commonly-accepted  techniques  (8)  despite  cumulative  bowing  of  the  crystal  plane 
that  arises  from  the  mismatch  of  the  thermal  expansion  coefficients  between  GaN  and  the 
substrate.  Indeed,  both  c-plane  and  off-polar  plane  FS-GaN  wafers  with  significantly 
reduced  TDD  (<10  cm'  )  and  low  basal-plane  stacking  fault  (BSF)  density  (<10  cm' ) 
are  distributed  (8,9).  From  scientific  point  of  view,  fundamental  influences  by  point 
defects  on  the  electronic  and  optical  properties  can  be  studied  using  such  low  structural 
defect  density,  high-purity  bulk  crystals.  For  instance,  equivalent  internal  quantum 
efficiency  (r|inteq)  for  the  near-band-edge  (NBE)  emission  is  determined  by  the  balance 
between  the  radiative  and  nonradiative  recombination  rates;  r|inteq=  (1+Tr/tnr)’1,  where  xR 
and  Tnr  are  the  radiative  and  nonradiative  lifetimes,  respectively.  As  Tnr  for  the  NBE 
emission  of  GaN  has  been  correlated  with  the  gross  concentration  of  point  defects  and 
complexes  (10,11)  rather  than  TDD,  understanding  local  carrier  (exciton)  recombination 
dynamics  within  low  structural  defect  density  areas  of  a  GaN  substrate  is  of  paramount 
importance. 

Because  state-of-the-art  low  TDD  FS-GaN  substrates  are  of  high  quality,  the 
influence  of  a  TD  on  the  local  luminescence  spectrum  and  lifetime  can  be  studied  using  a 
spectroscopy  technique  of  sufficient  high  spatial  resolution.  In  order  to  probe  local  carrier 
dynamics  in  wide  bandgap  (Eg)  semiconductors,  scanning  near-field  optical  microscopy 
(SNOM)  with  a  short-pulsed  laser  is  widely  used.  On  the  other  hand,  the  use  of  a 
scanning  electron  microscopy  (SEM)  equipped  with  a  femtosecond  electron  beam  (e- 
beam)  gun  (12-18),  namely  spatio-time -resolved  cathodoluminescence  (STRCL) 
technique  (13,14,16,18),  makes  it  possible  to  measure  local  time-resolved 
cathodoluminescence  (TRCL)  signals  at  the  positions  defined  precisely  by  the  secondary 
electron  (SE)  image.  This  becomes  attractive  when  characterizing  very  wide  Eg  materials 
such  as  AIN  and  AlxGai_xN  alloys  of  high  AIN  mole  fraction  x.  Indeed,  STRCL  takes  full 
advantage  of  such  a  pulsed  e-beam,  which  enables  high  spatial  resolution  beyond  the 
diffraction  limit  of  light  owing  to  the  focused  electronic  excitation  and  thus  makes  it 
possible  to  interrogate  local  carrier/exciton  dynamics.  Unique  opportunities  offered  by 
the  STRCL  demonstrated  so  far  includes  the  investigations  of  the  exciton  dynamics 
around  BSFs  in  an  a-plane  GaN  (14)  and  the  slight  local  variations  of  In  incorporation  in 
the  In0.05Ga0.95N  epilayer  (16)  grown  on  an  m -plane  FS-GaN. 

In  this  transaction,  the  correlation  between  the  local  cathodoluminescence  (CL) 
intensities  and  lifetimes  for  the  NBE  emission  of  low  TDD  FS-GaN  substrates  grown  by 
HVPE  (8)  is  demonstrated  using  the  STRCL  technique.  In  the  vicinity  of  an  accidentally- 
formed  trapezoidal  dimple  surrounded  by  domain  boundaries  (DBs),  the  spatial  variations 
of  Tcl  and  carrier/exciton  diffusion  length  (L(|)  are  clearly  visualized. 


Experimental 


Samples 

The  samples  investigated  herein  were  approximately  500-pm-thick  c-plane  FS-GaN 
substrates  named  A1  and  A2,  which  were  grown  using  a  vertical-flow  HVPE  apparatus 
(8,9).  Appropriate  amount  of  gaseous  HC1  was  flowed  on  heated  Ga,  and  NH3  was 
supplied  from  a  separate  gas  line.  The  growth  temperature  and  pressure  were  1050  °C 
and  atmospheric  pressure,  respectively.  The  electron  concentrations  were  3x1 018  and 
2xl017  cm'3  for  samples  A1  and  A2,  respectively.  The  TDDs  were  estimated  from  the 


full-width  at  half-maximum  (FWHM)  values  of  the  x-ray  rocking  curves  (XRCs)  using 
the  relation  given  in  Ref.  (19).  Those  containing  edge  components  (Ne)  were  estimated  to 
be  6.6x10s  and  6.3x10s  cm"2  for  A1  and  A2,  respectively.  The  S  parameters  obtained 
from  the  positron  annihilation  measurement,  which  reflect  the  concentration  and/or  size 
of  Ga  vacancies  ( Foa)  and  Foa-complexes,  of  the  present  samples  were  close  to  (11) 
characteristic  S  for  vacancy-free  GaN  (5Yrcc)  being  0.442,  which  was  calculated  using  the 
first  principles  calculations  (20).  We  note  that  foa-defect  concentration  in  the  sample 
exhibiting  5Vrcc  is  lower  than  the  detection  limit  for  GaN  (=10  cm"  )  (20),  which 
corresponds  to  the  concentration  that  positron  trapping  probability  reaches  zero.  Details 
of  the  growth  (8,9)  and  fundamental  optical  properties  (11)  have  been  given  in  literatures. 

Prior  to  STRCL  measurement,  macroarea  steady-state  photoluminescence  (PL)  and 
time-resolved  photoluminescence  (TRPL)  measurements  were  carried  out  using  the  325 
nm  line  of  a  cw  He-Cd  laser  with  an  excitation  intensity  of  20  W/cm2  and  a  frequency- 
tripled  mode-locked  AFOvTi  laser  operating  at  a  wavelength  of  267  nm  (200  nJ/cm2), 
respectively.  Note  that  for  both  cases,  weak  excitation  conditions  were  maintained, 
meaning  that  the  excited  carrier  concentration  was  lower  than  that  of  the  residual  carriers. 

Spatio-Time-Resolved  Cathodoluminescence  Measurement 


Schematic  diagram  of  our  STRCL  equipment  is  shown  in  Fig.  1.  The  system  (18)  consists 
of  an  SEM  equipped  with  an  in-house  photoelectron  gun  (PE-gun)  (15,17),  which  was 
driven  by  a  frequency-tripled  mode-locked  AhCLiTi  laser  pulses.  The  beam  was  focused 
using  a  fused  silica  lens  (/=300  mm)  with  a  spot  diameter  of  50  pm  to  a  rear-side  of  a 
photocathode.  The  average  power  of  80  niW  was  used  at  a  repetition  rate  of  80  MHz, 
corresponding  to  laser  fluence  of  32  pJ/cm2.  This  value  was  limited  by  the  onset  of 
optical  damage  of  the  photocathode.  The  output  e-beam  was  launched  to  the  SEM  by 
focusing  it  to  its  filament  position.  The  probe  current  was  calibrated  using  a  Faraday  cup 
placed  just  above  the  temperature-controlled  stage,  and  was  typically  20  nA  at  an 
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Figure  1.  Schematic  diagram  of  the  STRCL  measurement  system.  The  wavelength  and 
repetition  rate  of  the  frequency-tripled  (3eo)  femtosecond  ALChtTi  laser  are  adjusted 
according  to  the  purpose  of  the  measurement. 


acceleration  voltage  (Facc)  of  10  kV.  Although  this  is  smaller  than  what  can  be  achieved 
with  a  conventional  W  filament,  reasonable  quality  of  SEM  images  can  be  obtained.  The 
luminescence  from  a  sample  was  collected  using  an  off-axis  parabolic  mirror  (R= 12  mm) 
placed  above  the  sample  and  then  analyzed  using  a  grating  spectrometer  equipped  with 
an  electronically-cooled  charged-coupled  device  and  a  streak  camera  with  a  temporal 
resolution  of  approximately  10  ps. 


Results  and  Discussion 

Figure  2(a)  shows  a  representative  macroarea  PL  spectrum  of  A1  at  293  K.  The  sample 
exhibited  a  predominant  NBE  peak  at  3.373  eV  with  the  FWFIM  value  of  73  meV  and  its 
LO  phonon  replica  (a  shoulder  peak)  at  around  3.28  eV.  The  peak  intensity  of  the  broad 
emission  band  at  around  2.2  eV  (so-called  yellow  luminescence  band)  was  more  than 
three  orders  of  magnitude  lower  than  that  of  the  NBE  emission.  The  sample  A2  showed 
an  essentially  the  same  spectrum,  indicating  that  both  samples  are  of  excellent  quality. 

Figure  2(b)  shows  room  temperature  TRPL  decay  signals  for  the  NBE  emission  in  Al, 
measured  at  three  different  positions.  It  is  found  that  characteristic  lifetimes  of  the  fast 
decay  components  (ii)  were  strongly  position  dependent,  varying  from  0.47  to  1.24  ns, 
although  the  overall  PL  spectra  were  almost  unchanged  (data  not  shown).  The  result 
implies  that  room  temperature  Tnr  varies  depending  on  the  positions. 
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Figure  2  (a)  A  macroarea  steady-state  PL  spectrum  at  293  K  and  (b)  macroarea  TRPL 
decay  signals  taken  at  293  K  for  the  NBE  emission  of  the  FS-GaN  substrate  grown  by 
HVPE  (Al).  The  TRPL  signals  were  taken  from  three  different  positions,  and  vertical 
offsets  are  given  for  better  looking. 


In  order  to  visualize  spatial  variations  of  the  luminescence  intensity  and  to  evaluate 
local  Tnr  for  the  NBE  emission,  STRCL  measurement  was  conducted  near  the  region 
surrounded  by  the  DBs  in  Al.  We  note  that  such  DBs  are  occasionally  formed  by  some 
growth  perturbations.  Figures  3(a),  3(b),  and  3(c),  respectively,  illustrate  SEM  image  and 
CL  intensity  images  recorded  for  the  NBE  emission  at  293  K  and  20  K.  These  CL  images 
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Figure  3  (a)  A  macroarea  steady-state  PL  spectrum  at  293  K  and  (b)  macroarea  TRPL 
decay  signals  taken  at  293  K  for  the  NBE  emission  of  the  FS-GaN  substrate  grown  by 
HVPE  (Al).  The  TRPL  signals  were  taken  from  three  different  positions,  and  vertical 
offsets  are  given  for  better  looking. 


were  taken  with  a  probe  current  of  100  pA  and  a  dwell  time  of  200  ms,  corresponding  to 
30  minutes  per  image.  The  SEM  image  showed  a  trapezoidal  dimple  surrounded  by  the 
DBs.  Also,  several  dark  spots  were  found  although  their  contrasts  were  rather  faint.  These 
spots  were  also  observed  as  the  dark  spots  in  the  CL  image  at  293  K,  as  shown  in  Fig. 
3(b).  The  CL  image  at  293  K  showed  complex  structures  since  its  contrast  reflects  spatial 
distribution  of  nonradiative  recombination  centers  (NRCs)  while  its  spatial  resolution  is 
limited  by  Ld=(D-T)  ~  of  minority  carriers  (21),  where  D  and  x  are  their  diffusivity  and 
lifetime,  respectively.  The  sharpness  of  the  CL  image  taken  at  20  K  was  greatly  improved 
because  D  approaches  to  zero  towards  0  K  according  to  Einstein's  relation  D=k^T\alq, 
where  I<k  is  the  Boltzmann  constant,  T  the  temperature,  q  the  electric  charge,  and  p  the 
mobility.  Furthermore,  since  the  NRCs  are  essentially  frozen  out  at  low  temperatures, 
contributions  from  pure  NRCs  are  excluded  in  Fig.  3(c).  Therefore,  the  dark  areas  and 
lines  that  remain  in  Fig.  3(c)  are  possibly  due  to  the  absence  of  the  material  itself  or  the 
presence  of  extremely  strong  NRCs.  In  both  Figs.  3(b)  and  3(c),  it  can  be  seen  that  some 
straight  line  structures  run  from  the  comers  of  the  trapezoid  parallel  to  m-planes.  This 
implies  that  the  tensile  stress  accumulated  around  the  DBs  is  relaxed  by  introducing 
cracks.  Since  there  are  no  corresponding  structures  in  the  SEM  image,  it  is  likely  that 
these  cracks  run  under  the  surface,  and  which  can  specifically  be  detected  in  the  CL 
images  due  to  the  finite  implantation  depth  of  the  e-beam  and  the  longitudinal  diffusion 
of  the  minority  carriers. 

The  virtue  of  STRCL  is  that  it  is  readily  accessible  to  the  local  recombination 
dynamics  for  a  particular  emission  peak.  Local  time-integrated  cathodoluminescence 
(TICL)  and  TRCL  decay  signals  for  the  NBE  emission  of  Al  measured  at  room 
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Figure  4  Position  dependent  TICL  spectra  (a)  and  TRCL  decay  signals  (b)  for  the  NBE 
emission  of  FS-GaN  sample  A1  measured  at  293  K.  The  number  corresponds  to  the 
position  encircled  in  Fig.  3. 

temperature  at  the  positions  encircled  in  Fig.  3  are  shown  in  Figs.  4(a)  and  4(b), 
respectively.  In  this  instance,  the  probe  current  was  decreased  to  25  pA,  which  amounts 
to  2  electrons  per  pulse,  in  order  to  prevent  any  degradation  in  temporal  resolution  (17). 
The  resultant  number  of  excited  electron-hole  pairs  in  GaN  are  deduced  to  be  less  than 
2000  from  the  empirical  relation  given  in  Ref.  (22).  We  note  that  this  excitation  density 
gives  the  ii  value  for  the  TRPL  decay  constant  of  a  GaN  template  when  excited  with  the 
laser  fluence  of  2  pj/cm2  (17).  This  value  is  an  order  of  magnitude  higher  than  that  used 
for  the  TRPL  measurement.  However,  weak  excitation  conditions  are  still  maintained. 
The  nominal  NBE  peak  energy  was  approximately  3.38  eV  while  the  FWHM  values  were 
90  meV,  both  of  which  are  in  reasonable  agreement  with  Fig.  2(a).  In  these  spectra,  we 
found  subtle  redshifts  of  the  NBE  emission  peak  inside  and  on  the  peripheries  of  the 
trapezoid.  This  can  be  attributed  to  the  local  strain  or  increased  residual  electron 
concentration.  We  fit  the  decay  curves  by  a  double  exponential  function  to  extract  xi,  and 
found  that  xi  significantly  varied  depending  on  the  positions.  The  decrease  of  xi  near  the 
visual  defects  in  the  CL  image  at  293  K  [see  Fig.  3(b)]  can  be  understood  as  enhanced 
recombination  at  NRCs  because  xi  at  room  temperature  is  generally  dominated  by  Xnr. 
By  contrast,  local  xi  values  measured  at  10  K  were  almost  independent  of  the  positions 
being  1 80  ps.  This  is  reasonable  since  Xr  dominates  Xcl  at  low  temperature. 

We  also  evaluated  the  local  r|inteq  for  the  NBE  emission  by  simply  taking  the  ratio  of 
the  integrated  spectral  intensities  at  293  K  to  that  at  20  K.  The  results  for  A1  and  A2  are 
summarized  as  a  function  of  xi  in  Fig.  5.  The  best  data  for  the  macroarea  PL 
measurement  on  similar  HVPE  FS-GaN  (11)  and  typical  values  observed  for  GaN 
templates  are  also  plotted  for  reference.  As  shown,  r|;nteq  linearly  increases  with  the 
increase  in  xi  according  to  r"| Ulteq=(  I  +Xr/xnr)  ',  where  we  assume  that  xr  is  an  intrinsic 
value  to  a  particular  material  (23)  and  that  xcl  is  generally  dominated  by  Xnr  at  room 
temperature  under  the  relation  Xcl"  '  =Xr"  1  +Xnr" '  •  Although  the  overall  trend  of  higher  r|inteq 
in  the  local  measurement  may  indicate  somewhat  higher  excitation  density  used,  the 


Figure  5  The  values  of  r|inteq  for  the  NBE  emission  peak  of  FS-GaN  samples  at  room 
temperature  as  a  function  of  the  fast  decay  constant  (ii)  obtained  from  the  STRCL 
measurement.  The  results  for  the  macroarea  measurement  for  both  the  HVPE  FS-GaN 
(sample  CO  in  Ref.  (11)  that  exhibited  the  longest  positron  diffusion  length  (Z+=116 
mn)  and  GaN  templates  are  also  included  for  reference. 


spatially  focused  excitation  in  STRCL  can  selectively  probe  highly  luminescent  regions 
that  are  less  affected  by  NRCs.  As  a  result,  a  record  high  r|inteq  of  up  to  20%  was  obtained 
for  position  4  in  3,  where  Ti  was  as  long  as  3.33  ns. 


Conclusions 

Local  carrier  recombination  dynamics  in  the  low  TDD  FS-GaN  substrates  grown  by 
HVPE  were  studied  by  STRCL  measurement.  In  addition  to  the  visualization  of  defect 
networks  originating  from  the  DBs  in  the  CL  intensity  images,  the  spatially  resolved 
TICL  and  TRCL  measurements  revealed  a  linear  correlation  between  r|inteq  and  Tcl  at 
room  temperature.  The  spatially  focused  excitation  led  us  to  observe  the  highest  rj inteq  of 
20%  and  the  longest  tcl  of  3.33  ns  at  293  K.  We  believe  that  our  results  demonstrate  the 
potential  of  FS-GaN  grown  by  HVPE  and  serves  as  a  benchmark  for  future  development. 
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